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GAMMA-RAYS FROM "Sn AND "*C INDUCED BY FAST NEUTRONS

The cross-sections of prompt gamma-ray production from "Sn and "™'C elements induced by 14.1-MeV neutrons
were measured. The time-of-flight technique was used for n-y discrimination. The experimental results were compared
with theoretical calculations performed by Empire 3.2 and Talys 1.6 codes using different models for photon strength

function and nuclear level density.
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Introduction

Modern developments of nuclear fusion techno-
logies require new nuclear data and refinements of
existing data on DT-neutrons interactions [1]. For
radiation damage and gamma-ray shielding calcula-
tions, it is necessary to know the cross-sections of
(n, xy) reactions. Apart from practical applications,
the gamma-ray spectra can also give information
about the nuclear structure, excited states, their pop-
ulation and decay. Furthermore, the comparison of
experimental results with corresponding theoretical
calculations enables to analyze different theoretical
approaches describing nuclear reaction mechanisms
and to study a reliability of different calculations
codes for estimations of the gamma-ray productions.

Experimental results

The amplitude spectra of gamma-rays were
measured in a circular geometry using time-of-flight
technique based on pulse neutron generator (NPG-
200), designed and manufactured at Nuclear Physics
Department of Taras Shevchenko National Universi-
ty of Kyiv. The neutron intensity was ~10 n/s with
pulse frequency 7.25 MHz. Investigated samples of
"™Sn and ™C with masses mg,=3208 g,

m. =1600 g were irradiated by neutrons with the
energy of E,=14.1+0.2 MeV, the gamma-ray
emission angle 0, was near 90°. The flight pass, the

time window and the detection threshold were equal
to 176 cm, 20 ns and 2 MeV, respectively. This pro-
vided reliable separation of prompt gamma-rays
from neutron and y-background. The detection of
prompt gamma-rays was done using Nal(TI) scintil-
lator of sizes &2r, x hy =150x100 mm surrounded

by Geiger-counters. The pulses from Nal(Tl) and
Geiger counters were in anti-coincident mode for

reducing the influence of cosmic rays background,
that enables to perform measurements in a wide
energy range from 2 MeV and up to ~18 MeV. This
technique of background reduction was of special
importance for high-energy range (>14 MeV), where
detected gamma-rays appear only from (n, y) reac-
tions and have very low intensities. The full descrip-
tion of experimental set-up and data acquisition sys-
tem is presented in Ref. [2].

As an example, in Fig. 1 the measured amplitude
spectrum S (e) of gamma-rays emitted at the angle

8, =90 from "™Sn(n, xy) reactions is presented as

a function of number of pulse amplitude channel
(upper scale) or the energy loss of gamma-rays (¢ )
in the detector volume (lower scale).
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Fig.1. Amplitude spectrum of y-rays from "Sn (n, xy)
reactions with 14.1 MeV neutrons:
¢ is the energy deposited in the detector.

The value of the double differential cross section
d’c, /dE,dQ, =0, (E,,0,) from (n, xy) reactions
is unfolded from amplitude spectra by numerical
method of approximate solution of ill-posed problem
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on the compact set [2 - 4]. Namely, the differential
cross section o, (E,, 6,) is obtained from amplitude
spectra S, (e) by solving the following integral
equation

S,(6)= | 15(e.E)o,(E0)E,, (1)

with ys (e, E,) for the total response function of the

spectrometer function with Nal(TI) response func-
tion from Ref. [5], & for the y-ray energy deposited
in the detector volume and E, for the y-ray energy
with maximal value E,,, . This equation is presented
then in the matrix form

S=X-5. @)

Here, S, & are the vectors with elements
Si=S,(s), o;=0,(E,;0,), X is rectangular
Xij = xs (& Ey,j)A E,
(i=1...m; j=1,..,n), m is number of bins in
the amplitude spectra and n is the number of energy
intervals; AE, ~0.5 MeV is the width of the gamma-
ray bins; E, ;,¢; are the values of the corresponding

energies in the bins.
The linear algebraic equation (2) was solved by
the least squares method to search for a minimum of

the square of norm of the residual F() = X -6—S,

matrix  with  elements

Min{[F@&)[f =F"-F=(X-6-8)" (X -5-5)},

3
where symbol “T” denotes transpose. For determina-
tion of &, the iteration algorithm of the steepest
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descent method was used in the form

6k+1=6k—27\,k'x1—'ﬁ<,

f =F(Sy) = XG, - S. (4)

Value of the parameter A, was found from condi-
tion of minimization the square of the residual norm

Min{| .. [” },
fo=0-20 - X-XT) T (5)

As a zero approximation (G, ), the results of calcula-

tions by Empire code with default input parameters
were used. The iteration procedure was stopped at a

condition (|G... | —||G|?) <0.01-||G, |* . The uncer-

tainties of unfolded cross sections were evaluated
from variation of amplitude spectra in the assump-
tion of Gauss distribution of amplitude spectrum
uncertainties due to the large number of independent
external factors.

Fig. 2 shows the experimental unfolded cross
sections and its uncertainties in comparison with the
experimental data from EXFOR database (Refs. [6 -
10]). Here our results and experimental data from
Refs. [6 - 10] are multiplied, like in Ref. [2], by
factor 4m; that is, they are considered as the
angle integrated differential cross section (gamma-

ray spectrum do,(E,)/dE, = j'dQY c,(E, 0,)=
=4no,(E,, 0,)) for "Sn (Fig. 2, a), and as the total

cross section o, (E,) = 411:_|'dEY c,(E,,0,) of gam-

ma-emission at E, =14.1 MeV for "™C (Fig. 2, b)

due to weak dependence of the differential cross sec-
tions on gamma-emission angle.
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Fig. 2. The cross sections of gamma-ray emission: the differential cross section do, / dE, of gamma-ray emission

from "™'Sn (a), and the total cross section o, (E,) of gamma-rays from "C near E, =14.1 MeV (b).
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Note that we were able to observe y-transitions
for ™Sn in the range E, >2 MeV and for "C only

from the first excited level with E, =4.43 MeV due

to low intensities of gamma-transitions with other
energies.

As one can see from Fig. 2, a, the differential
cross section do, / dE, for "™Sn smoothly decreases

with energy and has nearly constant value in the en-
ergy interval 12 + 18 MeV, where it was measured
for the first time. Transition with E, =4.43 MeV

from the first excited level of *2C to the ground state
is dominated. It allowed us to determine cross-
section of (n,xy) reactions for "C (i.e.,

2C(n,n'y)*C and **C(n,2ny)**C) by measure-
ments of intensity of this transition with the result
c,(E,) =232 £ 30 mb at E, =14.1 MeV, which is

in good agreement with the results of other authors
(see Fig. 2, b).

Theoretical calculations and data analysis

The differential cross section do, /dE, for the

target with natural elements is a sum of the differen-
tial cross-sections for each isotope A, Z; of the target

do, /dE, = > w > do(A(n,{x,7}))/ dE,,
W, = o; /100, (6)

where o; is the abundance of the isotope A, Z; and
do( A (n,{x,v})) / dE, is the differential cross sec-

tions of gamma-ray emission from all possible reac-
tions (n, {X,vy}) with any outgoing particle (x) and
gamma-rays. Calculations were performed using the
EMPIRE 3.2 and TALYS 1.6 codes [11, 12] with
allowance for outgoing particles and gamma-rays at
equilibrium (HF curves in the figures) and from pre-
equilibrium states using the default sets of the input
parameters, specifically, for EMPIRE code, these
parameters are Modified Lorentzian model (MLO1)
for the electric dipole photon strength function (PSF)
and Enhanced Generalized Super-Fluid Model
(EGSM) for nuclear level density (NLD). Calcula-
tions were performed with preequilibrium processes
(PE) (parameter PCROSS = 1.5) and without PE
(PCROSS = 0). For TALYS code, default parame-
ters are Enhanced Generalized Lorentzian (EGLO)
for PSF and Gilbert - Cameron approach (GC) for
NLD. Global optical potential given by Koning -
Delaroche [13] was adopted as default in the calcu-
lations within two codes. The following values of
abundances were used [14]: *Sn (14.54 %), '''Sn
(7.68 %), ''®Sn (24.22 %), *°Sn (8.59 %), '*°Sn

(32.58 %), %°Sn (4.63 %), **Sn (5.79 %) for "™'Sn
target, and *2C (98.89 %), **C (1.11 %) for ™'C tar-
get, where abundance is indicated in brackets.

Fig. 3 and Table 1 show comparison of the theo-
retical calculations with the experimental data. One
can see that theoretical calculations as a whole are
rather good estimates the experimental data. For Sn
nuclei, preequilibrium processes are strongly affect-
ed by emission of gamma-rays of high energies and
should be taken into account for gamma-spectrum
calculations.
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Fig. 3. Comparison of experimental data with calculations
of gamma-ray spectrum from (n, xy) reactions on "Sn.

n

Table 1. Comparison of experimental data
with calculations by EMPIRE of inclusive (n, xy)
cross section for "*C at En= 14.1 MeV

Cross-sections oy, mb
Our experimental data 232+ 30
Calculations without PE 204
Calculations with PE 203

Next is considered a sensitivity of the calculated
gamma spectra to the PSF and the NLD maodels; for
this aim, we performed the calculations within EM-
PIRE code with allowance for preequilibrium pro-
cesses (PCROSS = 1.5). The results are shown in
Fig. 4 and Table 2. In the calculations of the curves
on Fig. 4, a, the EGSM is taken for nuclear level
density and different approaches are used for PSF
[14 - 16]: Standard Lorentzian model (SLO), MLO1
and MLO4 variants of Modified Lorentzian (MLO)
approach, Enhanced Generalized Lorentzian
(EGLO) model (according to RIPL-2) and General-
ized Fermi Liquid (GFL) model. In the results pre-
sented in Fig. 4, b, the model MLOL1 is used for PSF
and different methods are taken for NLD [14, 17]:
the Generalized Superfluid model (GSM), Gilbert
and Cameron (CG) model, microscopic combinato-
rial level densities within Hartree - Fock - Bogo-
liubov method (HFBM) and Modified Generalized
Super-Fluid model with Bose attenuated numbers
for vibrational enhancement factor (MEGSM).
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Fig. 4. Experimental data and corresponding theoretical calculations of (n, xy) cross sections for "Sn performed
using different models for PSF (a) and NLD (b).

Table2. Comparison of experimental data
and theoretical calculations of (n, xy) cross sections
at En=14.1 MeV for "C using different models
of PSF and NLD

Cross sections oy, mb
Our experimental data 232+ 30
NLD: EGSM
PSF: MLO1, EGLO, SLO,
Theoretical GFL, MLO4 203
calculations PSF: MLO1
NLD: EGSM, MEGSM 203
PSF: MLO1
NLD: HFBM, GC 252

It can be seen from results in Fig. 4, the calculat-
ed cross sections are weakly dependent on PSF
shape except for EGLO model for which we ob-
tained much lower values of gamma-spectrum in the
6 - 15 MeV energy range in comparison with the
data. The sensitivity of the calculations to the NLD
models is much stronger than to the PSF. Considera-
ble disagreement is demonstrated between data and
calculated cross sections with HFBM and GC
in the energy ranges 5-12 MeV and 3-6 MeV,
10 - 15 MeV respectively. Theoretical cross section

of (n, xy) reaction on "™'C for gamma rays of
4.43 MeV is only weakly dependent on PSF shape.

Conclusions

The yield of prompt y-rays produced by interac-
tion of the 14.1 MeV neutrons with ™'Sn and "™'C
targets were measured using the time-of-flight tech-
nique, and cross sections of (n, xy) reactions were
unfolded from amplitude spectra. Determined cross-
sections are in a rather good agreement with the data
of other experiments [6 - 10]. For the high energy
range (12 ~ 18 MeV), the differential cross section
of (n, xy) reactions on "*Sn were measured for the
first time and corresponding values are approximate-
ly equal to 0.10 + 0.13 mb/MeV.

Comparisons of the experimental data with the
calculations demonstrate high reliability of the cal-
culations with the use of the EMPIRE and TALYS
codes [11, 12] with the default sets of the input pa-
rameters for estimations of the gamma-ray spectrum
in reactions induced by fast neutrons.

This work is supported in part by the IAEA (Vi-
enna) under IAEA Research Contract within CRP
No. F41032.
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TAMMA-BUITPOMIHIOBAHHSI 3 "*Sn TA "C ITIJ] JIEIO HEATPOHIB

BuMipsiHO mepepisd yTBOPEHHsS MHTTEBHX raMMa-KBaHTIiB Ipu B3aemoii 14-MeB neiitponis i3 "™Sn ta "™C. [lns
PO3IUIEHHST N-y CUTHANIB OYJIO 3aCTOCOBAHO METOJAMKY 4acy MpoiboTy. ExcriepuMeHTanbHI pe3ynbTaTi HMOPIBHSIHO 3
BiIMOBITHUMH TEOPETHYHUMH PO3PaXyHKaMH, BUKOHAHUMH 3a JIOMIOMOTO!0 Koxaie Empire 3.2 ta Talys 1.6 i3 3acrocy-
BaHHSM Pi3HUX MoJeNel st GOTOHHUX CHIOBUX (YHKIIN Ta TYCTHHU SICPHUX PiBHIB.
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TAMMA-U3JYYEHME U3 "Sn U "C NOJI AEWCTBUEM HEMTPOHOB

W3MepeHsl CeueHHUs 00pa30BaHKs MTHOBEHHBIX FAMMA-KBAHTOB IpH B3auMoeicTeun 14-MsB HelTpoHoB ¢ "'Sn u
MatC. Jlnst pasjeneHus N-y CUTHAJIOB MCMOJIb30BAHA METOMKA BPEMEHH ITIPOJIETA. DKCIEPHMEHTAIBHBIE PE3YIbTATHI
CPaBHHUBAIOTCS C COOTBETCTBYIONINMU TEOPETHYESCKHMHU PacyeTaMH, BHITIOIHEHHBIME MPU OMOIIX Koj0B Empire 3.2 u
Talys 1.6 ¢ ucnons30BaHUEM PA3THYHBIX MOJIENIEH s POTOHHBIX CHUIIOBBIX (DYHKIIUH M TNIOTHOCTH SIICPHBIX YPOBHEH.
Knrouesvie crnosa: GpICTpbie HEUTPOHBI, MTHOBEHHBIE TaMMa-KBaHThI, METOMKA BpEMEHH MpoJieTa, Kol Empire 3.2
u Talys 1.6, poronHas cunoBast GyHKUMS, ITIOTHOCTB SACPHBIX YPOBHEH.
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